Abstract. The mechanism of the anti-myeloma effect of the immunomodulatory drug lenalidomide relies upon the binding of lenalidomide or an analogue to cereblon (CRBN) ubiquitin ligase, which inhibits it and results in the degradation of Ikarosfamily zinc finger proteins 1 and 3 (IKZF1 and IKZF3). To determine whether the traditional Chinese medicine arsenic trioxide, could potentiate sensitivity of multiple myeloma (MM) cells to lenalidomide and identify the mechanism by which this happens, the present study investigated how arsenic trioxide affected CRBN on MM cell lines and examined the anti-myeloma effect and mechanism in the combination of arsenic trioxide and lenalidomide. The present study revealed that arsenic trioxide upregulates the transcription and protein levels of CRBN, the anti-myeloma target of lenalidomide, thus potentiating the sensitivity of multiple myeloma cells to lenalidomide and enhancing the lenalidomide-dependent degradation of IKZF1 and IKZF3. The results of the present study indicate that clinical trials of this combination therapy could take place within the near future, with the aim of improving MM patient outcome.
Introduction
Multiple myeloma (MM) is a clonal plasma cell malignancy that leads to an accumulation of plasma cells in the bone marrow. Although the treatment response and survival rates of MM patients have markedly improved over the last decade owing to the broad use of novel agents, the majority of patients will eventually develop resistant disease (1) . As such, novel therapeutic options are required by MM patients. Immunomodulatory drugs (IMiDs), including lenalidomide and pomalidomide, are thalidomide analogues that have efficacy in several hematological malignancies, including MM (2, 3) . Nevertheless, only 30% of patients respond to these drugs when used as single agent, and the majority of patients will develop drug resistance (4) .
Although several mechanisms of action have been proposed to explain the direct and indirect anti-myeloma effect of IMiDs, such as antiangiogenic, pro-apoptotic, antiproliferative and immunomodulatory effects (5) , the precise molecular mechanisms and targets through which IMiDs exert their effects remained unclear until 2010, when Ito et al (6) identified cereblon (CRBN) as a primary target of thalidomide teratogenicity by generating an E3 ubiquitin ligase complex with DDB1, CUL4 and Roc1. A further study by Zhu et al (7) confirmed that CRBN was also required for the anti-myeloma activity of lenalidomide and pomalidomide.
Arsenic trioxide is a traditional Chinese medicine that has been used therapeutically for ~2400 years (8) ; it is an effective treatment for acute promyelocytic leukemia (APL) and can induce complete remission in patients (9, 10) . Arsenic trioxide affects numerous intracellular signal transduction pathways and causes multiple alterations to cellular function, resulting in the induction of apoptosis, the inhibition of growth and angiogenesis and the promotion of differentiation in a wide variety of malignancies, including MM (11) . Thus, arsenic trioxide may be an attractive therapeutic tool for overcoming the resistance of myeloma cells to multiple agents.
To determine whether arsenic trioxide could potentiate the sensitivity of multiple myeloma cells to lenalidomide and to specify the mechanism by which this happens, the present study investigated how arsenic trioxide affected CRBN in MM U266 and RPMI8226 cell lines. Arsenic trioxide upregulates the transcription and protein level of CRBN, the anti-myeloma target of lenalidomide, and thus potentiates sensitivity of multiple myeloma cells to lenalidomide, which sets the stage for potential clinical trials of combination therapy to improve patient outcome in MM.
Materials and methods
Reagents. Lenalidomide (CC-5013) was purchased from Selleck Chemicals (Houston, TX, USA) and dissolved in dimethyl sulfoxide to 10 mM. Arsenic trioxide was obtained 
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA extraction from different cells was performed using the RNAprep Pure Cell/Bacteria kit (TIANGEN Biotech Co., Ltd., Beijing, China), according to the manufacturer's protocol. The RNA concentration was measured by absorbance of ultraviolet light at a wavelength of 260 nm, using the spectrophotometer Nanodrop 2000 (Thermo Fisher Scientific, Inc.), and the integrity of the extracted total RNA was detected by 1% agarose gel electrophoresis. Reverse transcription was performed using a TIANScript RT kit (TIANGEN Biotech Co., Ltd.) with oligodT primer, according to the manufacturer's protocol. qPCR was performed using SYBRGreen Real MasterMix (TIANGEN Biotech Co., Ltd.), according to the manufacturer's instructions. qPCR was conducted using RealMasterMix/SYBR solution (9 µl, including 20X Mix SYBR solution 1 µl and 2.5X RealMasterMix 8 µl; TIANGEN Biotech Co., Ltd.), primer (1 µl, 5 pmol/l), template DNA (2 µl), and sterile water (7 µl). The reaction conditions for qPCR were 95˚C for 2 min, followed by 40 cycles of 95˚C for 15 sec, 60˚C for 30 sec and 68˚C for 50 sec. All reactions were performed in triplicate. Primers for CRBN and GAPDH were obtained from Sangon Biotech Co., Ltd. (Shanghai, China). Primer sequences for the analyzed genes were as follows: CRBN forward, 5'-CAG TCT GCC GAC ATC ACA TAC-3' and reverse, 5'-GCA CCA TAC TGA CTT CTT GAGGG-3'; GAPDH forward, 5'-AAG GTC GGA GTC AAC GGATT-3' and reverse, 5'-CTC CTG GAA GAT GGT GATGG-3'. Expression levels were calculated using the 2 -ΔΔCq method (13) .
Statistical analysis. All in vitro experiments were performed in triplicate and repeated at least three times; a representative experiment was selected for figures. Statistical significance of differences observed in drug-treated vs. control cultures were determined using Student's t-test, with P<0.05 considered to indicate a statistically significant difference. Statistical graphs were produced using GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Results

Low doses of arsenic trioxide upregulates CRBN expression levels in MM cell lines U266 and RPMI8226.
As CRBN acts as the target of lenalidomide in MM cells, the present study investigated whether arsenic trioxide treatment results in the upregulation of CRBN. U266 and RPMI8226 cells were treated with varying concentrations of arsenic trioxide in vitro for 24 h and detected the expression levels of CRBN mRNA under different arsenic trioxide concentrations. As a result, an increase in CRBN mRNA level was observed within a certain arsenic trioxide concentration range (between 0.1 and 1 µM) both in U266 and in RPMI8226 (Fig. 1A and B) . (Fig. 1C) .
The inconsistency between the expression of CRBN mRNA and protein may be due to the difference in expression between the full length and spliced forms of mRNA upon treatment with arsenic trioxide. As the change at protein level was more important in a biological context, 0.1 µM arsenic trioxide was chosen as the concentration to be used for the following experiments. The initial effective concentration of arsenic trioxide that increased CRBN mRNA and protein expression levels was 0.1 µM, which was much lower than the quarter-maximal inhibitory concentration (IC 25 ) in both cell lines (~2 µM for each cell line) (Fig. 1D) , indicating that arsenic trioxide increases CRBN expression levels by a different mechanism from the one through which is viability inhibited or apoptosis driven.
Combined low doses of arsenic trioxide and lenalidomide trigger synergistic anti-MM activity. As arsenic trioxide could upregulate CRBN expression levels in the MM U266 and RPMI8226 cell lines, whether pretreatment of arsenic trioxide could result in increased sensitivity to lenalidomide in these two cell lines was investigated. U266 and RPMI8226 cells were pretreated with 0.1 µM arsenic trioxide for 24 h and lenalidomide was then added to a final concentration of 10 µM for an additional 24 h, followed by assessment for cell viability using CCK-8 assays. Arsenic trioxide and lenalidomide were used at concentrations lower than the maximal cytotoxic concentration for each cell line. A significant decrease in viability of both cell lines was observed in response to the combination therapy (P<0.05; n=3; Fig. 2A and B). Treatment of U266 cells with low doses of arsenic trioxide (0.1 µM) and lenalidomide (10 µM) triggered a 16% decrease in cell viability, whereas only minimal viability inhibition was observed using either of these agents alone at these low concentrations ( Fig. 2A) . The same effect was also observed in RPMI8226 cells: Treatment with low doses of the two agents together (0.1 µM arsenic trioxide and 10 µM lenalidomide) triggered a 17% decrease in cell viability, whereas only minimal viability inhibition was observed using either of these agents alone at these low concentrations (Fig. 2B) . CI calculation confirmed the strong synergistic anti-MM activity of these two agents, with a CI value <0.1 in both MM-cell lines tested. These data demonstrate the synergistic anti-MM activity of arsenic trioxide plus lenalidomide. In order to gain insights into the mechanism by which the decrease in cell viability of the combinations observed in the CCK-8 assays, annexin V-FITC/propidium iodide apoptosis detection was conducted using flow cytometry (Fig. 2C) . The combination treatment induced an apoptotic rate of 12.7%, which was higher than those in the single agent group. The anti-proliferative activity of the combination treatment was further analyzed by evaluating the effects on the cell-cycle profile. The combination treatment of arsenic trioxide and lenalidomide induced an increase in the percentage of cells in G0/G1 phase, with a decrease in the percentage of those in proliferative S and G2/M phases (Fig. 2D) .
Arsenic trioxide plus lenalidomide downregulates IKZF1 and IKZF3 expression levels. The ubiquitination and degradation of IKZF1 and IKZF3 (downstream proteins of CRBN) is necessary for the anti-myeloma effect of lenalidomide. As arsenic trioxide increased the CRBN expression level, whether the enhanced anti-MM effect of the combination therapy acted as the enhanced CRBN pathway was then examined. Western blot analysis revealed that arsenic trioxide as a single agent did not affect the expression level of IKZF1 or IKZF3 but, as anticipated, lenalidomide did downregulate expression of the two proteins. Multiple IKZF1 bands were detected, presumably due to alternative splicing (14) . The use of arsenic trioxide and lenalidomide in combination had a significantly higher inhibitory effect on IKZF1 and IKZF3 protein expression levels, compared with the effect of either agent alone in the U266 cell line (Fig. 3) , which could be evidence that arsenic trioxide can act as a sensitizer agent for the anti-myeloma agent lenalidomide.
Discussion
The present study revealed that low doses of arsenic trioxide potentiate the sensitivity of MM cell lines to lenalidomide by upregulating the expression of CRBN, the anti-myeloma target of lenalidomide. The results of the present study demonstrated that low doses of arsenic trioxide upregulated CRBN mRNA level in U266 and RPMI8226 cell lines. In U266 cells, arsenic trioxide increased CRBN in doses lower than the IC 25 ; a similar effect was also observed in RPMI8226 cells. CRBN protein expression levels validated the upregulation effect of low dose arsenic trioxide. Genetic heterogeneity is a hallmark of MM (15), which may explain, at least in part, the differences observed in the effects induced by arsenic trioxide between the two cell lines.
As the effect of elevated CRBN expression, whether the upregulation of CRBN caused by arsenic trioxide results in increased sensitivity of lenalidomide in MM cells was assessed. The results of the present study demonstrated that combined low doses of arsenic trioxide (0.1 µM) and lenalidomide (10 µM) triggered the inhibition of viability in U266 and RPMI8226 cells, which was only achievable at much higher doses of either agent alone. Apoptosis analysis also demonstrated the synergetic effect in the combination of these two drugs. Analysis of cell-cycle profiles confirmed that the combination therapy induced an increase in the percentage of cells in the G0/G1 phase, with a decrease in those in proliferative phases (S and G2/M phases), which could contribute to the increased inhibition of MM cell viability of this combination.
Previous studies found that the targets for proteasomal degradation ubiquitinated by lenalidomide-bound CRBN were identified as the B cell-specific transcription factors IKZF1 and IKZF3 (14, 16) . Analysis of myeloma cell lines demonstrated that the loss of IKZF1 and IKZF3 expression is necessary and sufficient for the therapeutic effect of lenalidomide, through the downregulation of interferon regulatory factor 4 (IRF4), and this is associated with its anti-myeloma activity (14) , suggesting a mechanism of action for lenalidomide on MM cells. Previous studies revealed that lenalidomide-bound CRBN acquires the ability to target IKZF1 and IKZF3 for proteasomal degradation, and analysis of myeloma cell lines demonstrating that the loss of IKZF1 and IKZF3 is necessary and sufficient for the therapeutic effect of lenalidomide (14, 16) . The mechanism of the synergistic mechanism of these two drugs was assessed through detection of the expression levels of IKZF1 and IKZF3. The combination therapy of arsenic trioxide and lenalidomide had a significantly greater inhibitory effect on IKZF1 and IKZF3 protein expression levels, compared with the effect of either agent alone in the U266 cell line, whereas treatment with arsenic trioxide alone had no direct effect on the expression of these two proteins. These data are consistent with the findings of the present study, which found that arsenic trioxide increases the expression of CRBN in MM cells and the combination of low doses of arsenic trioxide and lenalidomide has a synergistic effect on decreasing viability rate, while increasing the apoptotic rate of MM cells. Myc proto-oncogene protein (MYC) is known to be a major downstream target of CRBN/IKZF1 signaling via IRF4 (7) . Although MYC often acts to promote cell viability by driving entry into the cell cycle through the G1-S transition, the mechanism of G0/G1 cell cycle arrest induced by the combination treatment may be due to enhanced MYC downregulation, caused by the upstream downregulation of IKZF1 by lenalidomide.
The findings of the present study reveal a novel target for the traditional agent arsenic trioxide and provide the potential value of this drug in the treatment of the plasma cell disorder multiple myeloma. As the mechanism of the upregulation of CRBN by arsenic trioxide remains unclear, future studies are required to specify this mechanism, which could provide more comprehensive understanding to arsenic trioxide and investigate more therapeutic value. Since lenalidomide is increasingly used to treat MM, the resistance to this IMiD is attracting a greater degree of attention. The findings of the present study potentially provide an efficient and economical way of working around resistance to lenalidomide. However, since lenalidomide acts more like an immunomodulatory drug, in vitro studies are not sufficient and in vivo data are required to assess the effect of the two drugs in combination in the future.
To summarize, the results of the present study demonstrate the ability of arsenic trioxide to increase expression of CRBN, the direct target of the anti-MM effect of lenalidomide, and the potent in vitro anti-MM activity of arsenic trioxide combined with lenalidomide at low doses. These findings provide the framework for the next step of in vivo studies and, if these studies are successful, for clinical trials of low-dose combination of arsenic trioxide and lenalidomide to increase response, overcome drug resistance, reduce side effects and improve patient outcome in MM.
